Solubilization of highly hydrophobic drugs with carriers that are non-toxic, non-immunogenic and welldefined remains a major obstacle in pharmaceutical sciences. Well-defined amphiphilic di-and triblock copolymers based on poly(2-oxazolines) were prepared and used for the solubilization of Paclitaxel (PTX) and other water-insoluble drugs. Probing the polymer micelles in water with the fluorescence probe pyrene, an unusual high polar microenvironment of the probe was observed. This coincides with an extraordinary large loading capacity for PTX of 45 wt.% active drug in the formulation as well as high water solubility of the resulting formulation. Physicochemical properties of the formulations, ease of preparation and stability upon lyophilization, low toxicity and immunogenicity suggest that poly(2-oxazoline)s are promising candidates for the delivery of highly challenging drugs. Furthermore, we demonstrate that PTX is fully active and provides superior tumor inhibition as compared to the commercial micellar formulation.
Introduction
Many of the most potent drugs and drug candidates are not water-soluble. Formulation of poorly soluble drugs such as paclitaxel (PTX) with a water solubility of approx. 1 mg/mL remains a major challenge in drug delivery [1e6] . Liposomes [4, 7] , micro-and nanoparticles [8] and polymer micelles [1, 2, 5, 9, 10] have been studied intensively for this purpose, each approach having advantages and disadvantages. One major limitation of polymer micelles is the loading capacity and the total amount of drug that can be solubilized. The current clinical formulation of PTX, Taxol Ò , contains less than 1%
wt. of active drug but 99% of excipients known to cause considerable side effects for the patients [11, 12] . The clinical alternative Abraxane Ò shows significant enhancement in this respect, however, still only approx. 10% of active drug are administered to the patients.
Poly(2-oxazoline)s (POx) have recently attracted considerable attention for biomedical applications [13e15] . Hydrophilic poly (2-methyl-2-oxazoline) (PMeOx) and poly(2-ethyl-2-oxazoline) (PEtOx) are of particular interest as they exhibit stealth [16, 17] and protein repellent effects [18] . Moreover, PEtOx is approved by FDA as an indirect food additive. They also undergo rapid renal clearance [19] similar to poly(ethylene glycol), arguably the most commonly used polymer for injectable drug delivery systems and polymer therapeutics. However, in contrast to poly(alkylene glycol)s, the hydrophobicity of POx can be gradually fine-tuned over a broad range by alteration of the side chains, albeit depending on the molar mass and polymer architecture (Fig. 1A ) [20, 21] . Poly(2-butyl-2-oxazoline)s (PBuOx) are the first in the homologue series of POx that do not show considerable water solubility, although the amide motif at the polymer backbone provides a polar group in each repeating unit. The absence of a hydrogen bond donor in the polymer limits inter-and intramolecular interaction between polymer chains and leads to an excellent hydration of the polymer backbone [22, 23] . PTX and many other extremely water-insoluble drugs contain many polar moieties. Therefore, we reasoned that a micellar environment that is water insoluble but feature polar groups for dipol interaction or H-bonding would be beneficial for the solubilization of such drugs.
By an appropriate selection of 2-oxazoline monomers, block copolymers can be obtained which comprise an amphiphilic motif in the block copolymer architecture as well as in the repeating monomer unit of the hydrophobic block comprising BuOx. It will be shown that BuOx based micellar cores create a very unusual microenvironment and unprecedented high solubilization capacities for various water-insoluble drugs.
Materials and methods
All substances for the preparation of the polymers were purchased from Aldrich (Steinheim, Germany) or Acros (Geel, Belgium) and were used as received unless otherwise stated. 2-Butyl-2-oxazoline was prepared as recently described [20] . Methyl trifluoromethylsulfonate (MeOTf), 2-methyl-2-oxazoline (MeOx), 2-ethyl-2-oxazoline (EtOx), acetonitrile (ACN) and other solvents for polymer preparation were dried by refluxing over CaH 2 under dry nitrogen atmosphere and subsequent distillation prior to use. NMR spectra were recorded on a Bruker Avance III 400, Bruker ARX 300 or a Bruker AC 250 at room temperature. The spectra were calibrated using the solvent signals (CDCl 3 7.26 ppm, D 2 O 4.67 ppm). Gel permeation chromatography (GPC) was performed on a Waters system (pump mod. 510, RIdetector mod. 410, precolumn PLgel and two PL Resipore colunms (3 mm, 300 Â 7.5 mm)) with N,N-dimethyl acetamide (DMAc) (57 mmol/L LiBr, 80 C, 1 mL/min) as eluent and calibrated against PMMA standards. Dynamic light scattering was performed using a Zetasizer Nano-ZS (Malvern Instruments Inc., Southborough, MA) at room temperature.
Synthetic procedures
The polymerizations and work-up procedures were carried out as described previously [24, 25] .
Exemplary, the preparation of Methyl-P[MeOx 27 -b-BuOx 12 -b-MeOx 27 ]-piperidine (P1) was performed as follows.
Under dry and inert conditions 32.2 mg (0.2 mmol, 1 eq) of methyl trifluoromethylsulfonate (methyltriflate, MeOTf) and 440 mg (5.17 mmol, 26 eq) of 2-methyl-2-oxazoline (MeOx) were dissolved in 3 mL dry acetonitrile at room temperature. The mixture was subjected to microwave irradiation (150 W maximum, 130 C) for 15 min. After cooling to room temperature, the monomer for the second block, 2-butyl-2-oxazoline (256 mg, 2.01 mmol, 10 eq) were added and the mixture was irradiated the same way as for the first block. The procedure was repeated for the third block with 442 mg MeOx (5.19 mmol, 26 eq). Finally, P1 was terminated by addition of 0.1 mL piperidine (1.01 mmol, 5 eq) at room temperature. After stirring over night, an access of K 2 CO 3 was added and the mixture was allowed to stir for several hours. The solvent was removed after filtration and 3 mL of chloroform were added to the residue. After precipitation from cold diethylether (approx. 10 times the amount of polymer solution) the product was isolated by centrifugation. The precipitation was performed in triplicate and the polymer was obtained as colorless powder (792 P3 was prepared accordingly using 24.7 mg methyltriflate (0.150 mmol, 1 eq) and 334 mg MeOx (3.9 mmol, 26 eq, 1st block). An aliquot of 136 mg (5% w/w) of the reaction mixture where removed for analysis of the first block with NMR and GPC. The same procedure was performed after the second block (364.4 mg BuOx; 2.87 mmol, 20 eq, 10% w/w analyzed). Block three (306.9 mg MeOx; 3.6 mmol, 28 eq) was added, the polymerization was terminated using 80 mL piperidine and the product was obtained as a colorless solid (598 mg, 65%, M th ¼ 6.6 kg/mol).
GPC (DMAc): M n ¼ 9.9 kg/mol (PDI 1. 
Pyrene fluorescence measurements
The cmc was determined using standard procedure [26, 27] . In short, a pyrene solution in acetone (2.5 mM) was added to vials and the solvent was allowed to evaporate. Polymer solutions at appropriate concentrations in assay buffer were added to the vials so that a final concentration of 5 Â 10 À7 M of pyrene was obtained. The solutions were incubated at 25 C (>2 h) and the pyrene fluorescence spectra were recorded using a Fluorolog3 (HoribaJobinYvon) l ex ¼ 333 nm, l em ¼ 360e400 nm, slidwidth(ex) ¼ slidwidth(em) ¼ 1 nm, step width 0.5 nm. Typically, five spectra of each data point were averaged (integration time 0.1 s, if necessary 10 spectra with 0.2 s integration), the cmc is assumed where a steep increase in fluorescence intensity is observed. Furthermore, the fluorescence intensity of the I 1 band was compared to the intensity of I 3 band which gives an estimate of the polarity of the environment of the pyrene probe. No excimer band formation was observed.
Drug solubilization studies
2.3.1. Paclitaxel (PTX) solubilization Drug-polymer solutions were prepared using the thin-film method. Appropriate amounts of polymer and PTX (SigmaeAldrich, St. Louis, MO, order number T7191) (stock solution 5e8 mg/mL in ACN or ethanol) were solubilized in minimum amounts of ACN or ethanol, alternatively. After complete removal of the solvent, the films dried in vacuo (0.2 mbar) for at least 3 h to remove residual solvent. Subsequently 200 mL of assay buffer (aqueous solution, containing 122 mM NaCl, 25 mM Na 2 CO 3 , 10 mM HEPES, 10 mM Glucose, 3 mM KCl, CaCl 2 1.4 mM and K 2 HPO 4 0.4 mM, pH ¼ 7.4) were added to obtain final polymer concentration as mentioned in the main text. At higher PTX concentration solubilization was facilitated by incubation of the solutions at 50e60 C for typically 5e10 min. The clear solutions were filtered through HPLC syringe filters (0.45 mm pore size) and subjected to HPLC analysis.
Solubilization of Cyclosporin A, and Etoposide
Solubilization of Cyclosporin A (Alexis Corporation San Diego, CA, order number 380-002-G001) and Etoposide (SigmaeAldrich, St. Louis, MO, order number E1398) was performed accordingly using the film method. In the case of Etoposide solubilization, a clear solution was obtained at concentrations of 1 mg/mL drug and 10 mg/mL P2 upon addition of water. However, after approx. 1 min the drug precipitated out of the formulations.
Solubilization of Amphotericin B
We were unable to find a common solvent for polymers P1eP4 and amphotericin B with a reasonable high vapor pressure. Thus, solubilization of Amphotericin B with P2 was performed via solvent exchange by dialysis. P2 (10.2 mg) and amphotericin B trihydrate (2.1 mg, Riedel-de Haën, Seelze, Germany, order number 46006) were dissolved in 250 mL dimethylsulfoxide (DMSO) to yield a clear, yellow solution. A total of 750 mL of deionized water was added, after 100 mL the mixture became turbid. The resulting mixture was transferred into a dialysis bag (MWCO 3500 g/mol). The solution was dialyzed against 2 L deionized water (water exchanged at 2 h, 4 h and 22 h). After a total of 50 h, the suspension (4 mL) was recovered from the bag. An aliquot of 500 mL was filtered (0.45 mm) to remove particles and the clear, yellow solution was freeze-dried to yield 1 mg of yellow foam-like solid. The residue was dissolved in 200 mL DMSO and the Amphotericin B was quantified spectrophotometrically using the absorbance at 410 nm. The dialyzed solution contained 366 mg Amphotericin B (18% (w/w) with respect to P2). Another aliquot of 1 mL was freezedried (2.2 mg yellow foam) and dissolved subsequently in 100 mL deionized water.
The polymer-drug foam dissolved rapidly and completely to give an intense yellow solution of low viscosity. Thus, without the need for cryoprotectants, 3.7 mg/mL of Amphotericin B could be solubilized using only 18.3 mg/mL P2. Using the same protocol, water solubility of Amphotericin B was determined to be approx. 0.4 mg/mL.
HPLC analysis of drug solubilization
HPLC analysis was carried out under isocratic conditions using a Shimadzu system comprising a SCL-10A system controller, SIL-10A autoinjector, SPD-10AV UV detector and two LC-10 AT pumps. As stationary phase a Nucleosil C18e5m column was used (250 mm Â 4 mm), for PTX analysis a mobile phase of acetonitrile/water mixture (55/45, v/v) was applied. HPLC analysis of Cyclosporin A solutions obtained were performed using as a mobile phase an acetonitrile/water mixture (90/10, v/v) at 70 C. Detection was performed at 220 nm.
Cell culture and cytotoxicity
MCF7/ADR cell line was obtained (derived from human breast carcinoma cell line, MCF7 (ATCC HT-B22)) by selection with Doxorubicin and was kindly presented by Y.L. Lee (William Beaumont Hospital, Royal Oak, MI). Cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM), containing 10% heat inactivated fetal bovine serum (FBS) and 1% penicillin/streptomycin. All tissue material media was obtained from Gibco Life Technologies, Inc. (Grand Island, NY). Cytotoxicity was assessed using standard MTT assay. Each concentration was tested in four wells, data is presented in mean AE SEM.
Complement activation
To evaluate the complement activation mediated in vitro by POx, we determined the levels of C3a-desArg in human serum. The concentration of C3a-desArg was assessed for each formulation using an enzyme-linked immunosorbent assay kit (Human C3a ELISA Kit, BD Biosciences, San Jose, CA) according to the manufacturers protocol. For each measurement, poly(2-oxazoline)s or CrEl based formulations were first suitably diluted in sterile PBS solution. P1eP4 were used at a concentration of 7.5 mg/mL; the formulation combining P2 and PTX (P2-PTX) contained 7.5 mg/ml of P2 and 3 mg/mL of PTX. The commercial solution of PTX (Taxol Ò ) was diluted 2 times in order to reach a concentration of PTX of 3 mg/mL. The concentration of the excipient CrEl in this sample was thus 263.5 mg/mL. The same concentration was used for the tests performed with CrEl alone (solubilized in ethanol).
To perform the experiment, 10 mL of each sample were mixed with 40 mL of non diluted human serum (Human Serum Complement, Quidel Corp., San Diego, CA) and incubated in sterile Eppendorf tubes for 30 min at 37 C. Diluting the samples in the provided diluent 20,000 times stopped the reaction. Serum was mixed with sterile PBS (at the same ratio and volume previously used) to serve as a negative control and Zymosan (final concentration: 5 mg/mL, SigmaeAldrich, Saint-Louis, MO) provided a positive control over complement activation. For each sample, 6 independent measurements were carried out. Concentrations of C3a-desArg are presented as mean AE standard deviation. Statistical significance between the various groups was assessed using Student's unpaired t-test. Differences between groups were considered significant at p < 0.05.
Animal studies
All experiments were performed using female C57/Bl/6 mice 11e12 weeks of age (Taconic Laboratories, Germantown, NY). The animals were kept five per cage with an air filter cover under light (12-h light/dark cycle) and temperature-controlled (22F1 8C) environment. All manipulations with the animals were performed under a sterilized laminar hood. Food and water were given ad libitum. The animals were treated in accordance to the Principles of Animal Care outlined by National Institutes of Health, and protocols were approved by the Institutional Animal Care and Use Committee of the University of Nebraska Medical Center. Lewis lung carcinoma cells (LLC 3T) were grown in T75 flasks and collected with HBSS. Cell suspensions (1 Â10 6 per animal) were injected subcutaneously in a volume of 50 mL on the right flank.
After tumors appeared, tumor sizes where recorded (day 1) and treatment solutions were injected at a dose of 10 mg/kg PTX in a volume of 100 mL on day 1, 4 and 7.
Results and discussion

Polymer synthesis and characterization
Three well-defined ABA-type triblock copolymers (P1eP3) and one AB-diblock copolymer (P4) with defined low-molar masses (around 10 kg/mol) and low polydispersities (PDI ¼ M w /M n ¼ 1.09e1.23) were synthesized by living cationic ring-opening polymerization. The hydrophilic blocks (A) consist of 50e74 units of PMeOx (P1eP3) or PEtOx (P4), and the hydrophobic blocks (B) of 12e30 units of PBuOx (Fig. 1B) . The analytical data are summarized in Table 1 .
Drug solubilization
Interestingly, polymer micelles of these polymers spontaneously formed in water exhibited a remarkable capability for solubilization of PTX (water solubility z 1 mg/mL). To prepare drug loaded polymeric micelles we used the thin-film dissolution method. Initially, we attempted to solubilize 4, 7 and 10 mg/mL PTX with 10 mg/mL of P2. Up to concentrations of 7 mg/mL PTX, completely clear solutions were obtained after mild heating (approx. 60 C) for a short time. Under these conditions the solubilization of PTX was complete as confirmed by high performance liquid chromatography (HPLC) (Fig. 2A) .
Only at 10 mg/mL PTX some clear crystals remained undissolved even after 30 min heating at 60 C. However, still an extraordinary amount of 8.2 mg/mL of PTX was found in the aqueous phase after removal of undissolved solid, in other words, the resulting formulation consists of 45% wt. PTX. Similar results were obtained with the other polymers including P1, having a relatively short BuOx block (Fig. 2B) .
Even at polymer concentration as low as 2 mg/mL, excellent loading efficiencies, PTX concentrations of 0.8 mg/mL and total drug loading of about 30% wt. were obtained (Fig. 2C, D) . Thus, using doubly amphiphilic POx block copolymer nanoformulations reduces the amount of excipient needed to solubilize PTX by almost one order (7.5 fold) as compared to AbraxaneÔ or two orders of magnitude as compared to Cremophor EL/ethanol (CrEL). Interestingly, we found that a regular amphiphilic block copolymer with a hydrophobic block having longer pendant n-alkyl side chains (2-nonyl-2-oxazoline, NOx) [28] solubilized considerably less PTX (7% wt./0.74 mg/mL for P (MeOx 32 -b-NOx 9 )). Our results relate to earlier studies on surfactant systems [29] and solubility studies [30] for PTX and docetaxel. It was found that the solubility of the drugs increases as the length of the hydrocarbons of the solvent decreases. It was further suggested that hydrogen bonding enhance the solubilization in an otherwise apolar environment. We also investigated the potential of the POx amphiphiles to solubilize other highly hydrophobic, but structurally very different drugs containing several polar motifs, i.e. Cyclosporin A, Amphotericin B, and Etoposide. With Etoposide, no stable formulation could be obtained. Although initially we observed clear solutions with Etoposide concentrations of 1 mg/mL and polymer concentrations of 10 mg/mL, the dissolved drug precipitated rapidly within minutes. However, both other drugs could be successfully solubilized in water giving stable formulations of similar high drug content (3.7 mg/mL Amphotericin B (17% wt.); 1 mg/mL Cyclosporin A (17% wt.)). Such formulations could be freeze-dried and redispersed readily in water without addition of cryoprotectants.
To the best of our knowledge, such high loading and loading efficiency in combination with the high solubility of PTX is unprecedented for simple micellar or liposomal drug delivery systems. For example, very recently Lam and co-workers reported on a PEGbased telodendrimeric system with high loading and solubilization capacity [31] . The authors were able to obtain similar high PTX concentrations (7.3 mg/mL), albeit using twice the amount of polymer excipient (20 mg/mL) compared to our studies. Moreover, the synthesis of such telodendrimer systems requires multistep (7 steps) liquid phase polymer analog coupling reactions. Including monomer synthesis, the here-described polymers are prepared in two steps in high yields from readily available and inexpensive starting materials and can be obtained in multi-gram scale.
Physicochemical properties of the POx doubly amphiphilic micelles
We hypothesized that the high loading is due to the presence of a unique micellar microenvironment providing non-polar as well as polar and hydrogen bonding interactions in the core between the drug and the doubly amphiphilic BuOx segment. The hydrophobic and solvatochromic [32, 33] fluorescence probe pyrene is commonly used to investigate the formation of micelles and to probe the microenvironment (i.e. polarity) of the micelle interior and/or interface [26, 27] . Using this approach, we found low critical micelle concentrations (cmc) ranging from 100 mg/L (15 mM, P1), 20 mg/L (2.7 mM, P2), 7 mg/L (1 mM, P3) to 6 mg/L (0.7 mM, P4), respectively (Fig. 3AeD) . However, the fluorescence characteristics of pyrene we observed, as the polymer concentrations increased were highly unusual. The ratio of the I 1 and I 3 band in the fluorescence emission spectrum of pyrene is used as a measure of the polarity [26, 27, 32, 33] of the environment of the pyrene probe. In aqueous or similarly polar environment this ratio is found between 1.6 and 1.9 (Fig. 4A) [26,27,32e35] . For regular polymer micelles, Fig. 2 . Solubilization of PTX with amphiphilic POx block copolymers using the film method. AeD) Solution concentration of PTX (bars) and loading efficiency (crossed circles) using different polymers and targeted PTX concentrations: A) P2 (10 mg/mL) and 4 mg/mL, 7 mg/mL and 10 mg/mL PTX; B) P1eP4 (10 mg/mL) and 4 mg/mL PTX; C) P3 (2 mg/mL) and 100 mg/mL, 500 mg/mL and 1 mg/mL PTX; D) P1eP3 (2 mg/mL) and 500 mg/mL PTX. Data is presented as means (n ¼ 3; except for C: 1 mg/mL PTX n ¼ 1, and B: P4 n ¼ 2) AE SEM.
the less polar environment of the core results in a characteristic decrease of the I 1 /I 3 ratio along with increasing fluorescence intensity. Quite surprisingly, for micelles formed by the doubly amphiphilic polymers P1eP4, we observed the opposite as the I 1 /I 3 ratio increased up to 2.35 (Fig. 3) . To the best of our knowledge, such high values have not been reported for polymeric micelles or any other media. The observed I 1 /I 3 ratio, indicate that the fluorescent probe environment is even more polar than observed for e. g. dimethylsulfoxide, or an ionic liquid such as 1-butyl-2,3-dimethylimidazolium chloride, rather than unpolar as in the case of regular polymeric micelles of e.g. Pluronic P85 (I 1 /I 3 z 1.3) or P-(MeOx 32 -b-NOx 9 ) (I 1 /I 3 z 1.2) (Fig. S1) [28] . Maeda and co-workers reported on pyrene fluorescence with similar systems as described here [36] . The authors also observed a large increase in fluorescence intensity measured at 374 nm in presence of the polymers. Unfortunately, however, no I 1 /I 3 ratios are given in this account. Moreover, the authors describe the incorporation of enzymes such lipases in polymers very similar to P4, and report that polymer incorporated enzymes show a higher activity compared to native enzymes, both in aqueous and organic media [37] . The same group also investigated the interaction of serum albumin with POx based amphiphiles and it was shown that BuOx containing polymers lead to much smaller interaction with serum albumin as compared to polymers with more hydrophobic side chains (phenyl or octyl) [38] .
We attribute the high loading to the combination of short, flexible hydrophobic side chains with the flexible, polar and wellhydrated polymer backbone present in the micellar core (Fig. 4B) . Table S1 ) of pyrene fluorescence spectra in various solvents, ionic liquids (IL) and aqueous solutions of polymer micelles. B) Schematic representation of drug loaded PBuOx-based micelles.
The flexible butyl side chains stand in contrast to rather rigid 2-nonyl-2-oxazoline side chains that result in stretched, comb-like polymer chains and frozen micellar cores [24, 28] that were found to solubilize much less PTX and gave typical I 1 /I 3 values (z1.2). On the other hand, Pluronic Ò block copolymers, having simply a methyl side chain also fail to solubilized larger amounts of PTX [39, 40] . The relatively high mobility of the BuOx side chains was observed by 1 H NMR spectroscopy studies (Fig. S2) . In support of our hypothesis, these formulations could incorporate and solubilize only small amounts of PTX [41] . The present drug loaded micelles were found to be very small (r h ¼ 12e22 nm) and uniform (monomodal, narrow size distribution, PD z 0.04e0.12) as determined by dynamic light scattering (Fig. S3) . Such small and narrowly dispersed micellar systems are excellently suited for biomedical applications, i.e. for systemic administration.
In vitro cytotoxicity and complement activation
The polymers alone were found to be non-cytotoxic at concentrations of up to 20 mg/mL and for 24 h incubation using different cell lines (Fig. S4) . In contrast to the plain polymers, the PTX-loaded micelles displayed a pronounced, concentrationdependent toxicity with respect to tumor cell lines (Fig. 5A) . For example, after 24 h incubation with PTX-loaded P2eP4, we observed IC 50 values in the range of 10 mM using a multi-drug resistant cell line (MCF7/ADR). Commercially available CrEL-PTX formulation was used as a control and resulted in comparable growth inhibition (data not shown). Importantly, the PTX-loaded micelles could be lyophilized without the need for cryoprotectants and simply be redispersed in water or saline to give a completely clear solution without compromising the drug loading, the particle size or the in vitro drug activity (Fig. 5B) . Complement activation is a major limitation of synthetic material for biomedical applications. Thus, P1eP4 as well as CrEL were submitted to an in vitro evaluation of complement activation in human serum. The concentrations of CrEL and P1eP4 used in this experiment allowed for the solubilization of the same concentration of PTX (3 mg/mL) as outlined in the methods section.
All POx samples tested, provided a small but significant increase in the C3a-desArg concentration compared to PBS (1.8e2.3 fold), albeit much lower than the positive control, Zymosan (5.1 fold) (Fig. 6) . However, significantly lower levels of C3a-desArg were found after incubation with P1eP4 as compared to levels observed after incubation with CrEL (3.3 fold vs. PBS). It should be noted, that P4 (bearing PEtOx in the hydrophilic block) showed a slight increase of the complement activation compared to the three other POx (P1eP3, all comprising PMeOx in the hydrophilic blocks). This preliminary study on the complement activation does not give enough information to speculate on the mechanism of complement interaction with POx. However, it can be expected that increased complement activation leads to higher RES uptake and reduced stealth effect. Thus, our results are in line with earlier results that the slightly amphiphilic PEtOx gives faster clearance when used as liposomal coating [16, 17] and increased (albeit very low) nonspecific organ uptake as compared to PMeOx [19] .
Solubilization of PTX with P2 (i.e. P2-PTX) and CrEL (i.e. Taxol  Ò ) increased levels of C3a-desArg in both cases significantly. However, P2-PTX (2.4 fold vs. PBS) displayed still lower concentrations of C3a-desArg than CrEL alone or Taxol Ò (4.1 fold vs. PBS). Thus, these complement activation studies were promising given the potential deleterious effects of complement activation after intravascular administration, i.e. dispnea, fever, hypertension, hypotension, hypoxemia, rash, respiratory distress, etc. [42] . In summary, the presented formulations combine facile, one-step preparation, unprecedented loading capacity for PTX and very low toxicity and complement activation. This prompted us to investigate this new carrier in vivo in tumor bearing mice.
Tumor inhibition in vivo in tumor bearing mice
The in vivo anti-tumor effect of PTX-loaded micelles was examined in C57/Bl/6 mice with subcutaneous Lewis Lung carcinoma tumors (Fig. 7) . Both CrEL and POx-PTX (P2-PTX) formulations significantly (p < 0.05) decreased tumor burden after only one injection (day 4, tumor inhibition ¼ 72% and 63%, respectively). The tumors in the P2-PTX treated animals remained significantly smaller (p < 0.05) than in the animals treated with the commercial product between days 11 and 25. We found the tumor inhibition by P2-PTX in this period to be approximately 70% as compared to 50e60% in the CrEl group. After 28 days, however, a sharp increase in the tumor burden of the animals in the P2-PTX regimen was observed and the same tumor inhibition in both treated groups was found.
Reducing the amount of excipient needed to deliver potent drugs decreases the risk of side effects and a higher solubility allows for significantly shorter infusion times for patient benefit. We are currently investigating the solubilization of a greater variety of hydrophobic drugs and the influence of the polymer architecture to gain further insight into the solubilization of hydrophobic drugs using tailored doubly amphiphilic polymers.
Another approach to improve the therapeutic outcome of polymer micelles and other drug delivery systems is the implementation of active targeting. Either low-molar mass ligands (e.g. folate, RGD-peptides) or antibodies are attached to the polymers, typically to the hydrophilic terminus. While we did not employ such active targeting for the present study, the cationic ring opening of 2-oxazolines is ideal for such an endeavor. Chemically reactive moieties can be incorporated in any part of the polymers, using either functional initiators [43] , monomers [25, 44, 45] or terminating reagents [46] . In particular, we reported on the introduction and application of chemical moieties suitable for chemoselective ligations such as click-chemistry [25, 47] , oxim-ligation [44] and thiol-maleimide condensation [48] .
Conclusion
In this work we present the synthesis and characterization of well-defined doubly amphiphilic block copoly(2-oxazoline)s with unique properties. The microenvironment formed by these polymers in aqueous solution appears to be more polar then water as probed with the pyrene assay. At the same time, we observed an unprecedented high solubilization capacity for highly waterinsoluble drugs such as Paclitaxel, Amphotericin B and Cyclosporin A. Formulations containing up to 45 wt.% of active drug could be obtained with very good loading efficiencies. In vitro and in vivo experiments suggest that the incorporated PTX remains fully active. We believe that the facile synthesis, excellent water solubility and high loading capacity in combination with formulation stability, low toxicity, limited complement activation and excellent preliminary in vivo drug efficacy makes such poly(2-oxazoline)s excellent candidates for further investigations, especially, but not only in the context of drug delivery. 
